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ABSTRACT

The nucleotide sequence around the translational
initiation site is an important cis-acting element for
post-transcriptional regulation. However, it has not
been fully understood how the sequence context at
the 5'-untranslated region (5'-UTR) affects the trans-
lational efficiency of individual mRNAs. In this study,
we provide evidence that the 5-UTRs of Arabidopsis
genes showing a great difference in the nucleotide
sequence vary greatly in translational efficiency with
more than a 200-fold difference. Of the four types of
nucleotides, the A residue was the most favourable
nucleotide from positions —1 to —21 of the 5-UTRs
in Arabidopsis genes. In particular, the A residue in
the 5'-UTR from positions —1 to —5 was required for
a high-level translational efficiency. In contrast, the
T residue in the 5-UTR from positions —1 to —5 was
the least favourable nucleotide in translational effi-
ciency. Furthermore, the effect of the sequence
context in the —1 to —21 region of the 5-UTR was
conserved in different plant species. Based on these
observations, we propose that the sequence
context immediately upstream of the AUG initiation
codon plays a crucial role in determining the trans-
lational efficiency of plant genes.

INTRODUCTION

In the cell, one of the most essential life processes is the
production of cellular proteins. This is largely regulated at
the transcriptional level, but recent studies show that
translational regulation also plays a critical role in
determining protein levels. Translation is the process by
which cells produce their constituent proteins from
messenger RNAs (mRNAs) and thus is one of the most
essential cellular processes in living organisms.

Translation is a complex process involving a large
number of components including mRNAs, tRNAs, ribo-
somes and many ribosome-associated protein factors. All
these factors contribute to the translational efficiency in
various ways. In addition, transport of mRNAs from the
nucleus to the cytosol (1), and subcellular localization and
stability of mRNAs also contribute to the translational
efficiency (2,3).

Of this large number of components involved in the
translation, mRNA itself has many features that are
involved in controlling the translational efficiency. Most
of the control elements are located in the 5'- and 3’-un-
translated regions (5'- and 3’-UTRs) (4). In the 5-UTR,
the m7G cap, secondary structure, length and nucleotide
sequence context around the AUG start codon are known
to affect the translational efficiency (5,6). Among these
factors, the secondary structure of mRNAs is regarded
as the most important element for controlling transla-
tional efficiency mostly in a negative fashion (7,8).
Computational calculation using the RNA base-pairing
simulation method has commonly been used to determine
the secondary structure of mRNAs (9). Moreover, a recent
study employing deep sequencing of mRNA fragments
generated by structure-specific enzymes has provided
evidence that the secondary structure around the start
codon reduces translational efficiency (10). In addition,
specific sequence motifs present in the 5-UTR are
involved in controlling translational efficiency in either
positive or negative manners depending on their nature
(11,12). An example is the internal ribosomal entry sites
(IRESs) found in many viral mRNAs (13). These motifs
direct the cap-independent translation. Another is the
upstream open reading frames (WORFs) in the 5-UTR
that can modulate the translational efficiency (14,15). In
addition, the 3-UTR also contains many sequence motifs
that affect the translational efficiency (16). Of these
motifs, the poly(A) tail and its binding proteins have
been most extensively characterized at the molecular
level (4,17).
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In addition to the specific sequence motifs in the 5'- or
3’-UTRs, the length and sequence context of the 5-UTR
of an mRNA also affect translational efficiency. The effect
of the sequence context of the 5-UTR on translational
efficiency has been extensively studied in a variety of
organisms including plants by mainly focusing on the
sequence context around the translation initiation site
(18-22). In many vertebrate genes, a sequence, CC(A/
G)CCAUGG, known as the Kozak sequence, is preferen-
tially detected and this ‘consensus’ sequence is crucial for
efficient translation initiation (18). In plants, similar
approaches have shown that A residues at positions —1
to —4 of the 5-UTR are crucial for high translational
efficiency (19,23,24). In addition, high-throughput
analysis using polysome fractionation and microarrays
has identified a consensus sequence around the AUG
start codon of Arabidopsis genes (20). These results raise
the possibility that the favourable sequence for high trans-
lational efficiency in plants does not conform to the Kozak
sequence found in animal systems. Moreover, later studies
using the whole genome sequence databases from various
eukaryote species have revealed that preferred nucleotide
sequences around the AUG codon are quite diverse
among different species (25).

Despite a great deal of advances in understanding
the role of the 5-UTR in translational efficiency in
many different organisms, it is still not fully understood
how the sequence context of the 5-UTR affects transla-
tional efficiency at the single nucleotide level. The whole
genome sequencing of a large number of organisms
including Arabidopsis has revealed that the 5-UTRs
show a great diversity in their nucleotide sequence.
However, it is not fully understood how the sequence
diversity affects the translational efficiency. Previous
studies have mainly focused on the effect of the nucleotide
sequence immediately upstream (from nucleotide pos-
itions —1 to —4) or downstream (+4) of the AUG start
codon on the translational efficiency (20,23,25).

To expand our understanding of the effect of the
5-UTR on translational efficiency, we obtained the
5-UTR sequences from 25 Arabidopsis genes that show
a great diversity in their 5-UTR sequences, and
compared their translational efficiency at the single
nucleotide level by generating nucleotide substitution
mutants. In this analysis, we decided to use the 21 nucleo-
tide (nt) region from positions —1 to —21 of the 5-UTR so
as to get closer to represent the full-length sequence
context of the 5-UTR on the translational efficiency and
at the same time to minimize the effect of the secondary
structure on the translational efficiency. Here, we provide
evidence that the translational efficiency of various
Arabidopsis genes varies over 200-fold depending on
their 5-UTRs and that the immediate upstream region
from the nucleotide positions —5 to —1 is most critical
in determining translational efficiency although the
further upstream region of the 5-UTR also plays an
important role depending on the sequence context.
Moreover, we provide evidence that of the four different
types of nucleotides, nucleotides A and T are the most
favourable and unfavourable, respectively, in translation.

MATERIALS AND METHODS
Plant material and growth conditions

Arabidopsis plants (ecotype Columbia-0) were grown on
BS5 plates in a growth chamber at 20-22°C under a 16-h/
8-h light/dark cycle and 70% relative humidity. Leaf
tissues from 2.5 week-old plants were used for protoplast
isolation.

Vector construction

To generate the reporter construct, the 5-UTRs were
fused to the coding region of green fluorescent protein
(GFP). The RbcSIA 5-UTR::GFP construct was
generated by two rounds of PCR. First, 10nt and
21 nt-long 5-UTRs of the RbcSI1A::GFP construct were
amplified with primers P1 and P2 using GFP as template.
Subsequently, serial second polymerase chain reactions
(PCRs) were performed to generate longer 5'-UTRs of
RbcS1A::GFP with primers P2 and P3 using previous
PCR products as template (for the nucleotide sequence
of primers, see Supplementary Table S1). The 21 nt-long
5-UTRs of Arabidopsis genes and their triple nucleotide
substitution mutants were fused to GFP by PCR. For this,
the 5 primers (P4-P9) consisted of two regions: the
5" region with the 21nt-long 5-UTRs or their mutant
sequences, and the 20nt-long 3’ region complementary
to the 5-end of the GFP-coding region. The 3’ primer
was designed to contain 20nts complementary to the
3’-end of the GFP-coding region. The PCR products
were inserted into a pUC vector at the downstream
region of the cauliffiower mosaic virus (CaMV) 35S
promoter. To generate pCAMBIA1300-UTR::GFP, the
UTR::GFP fragment was obtained by digesting with
Xbal/EcoRI and ligated to the binary vector
pCAMBIA1300 digested with Xbal/EcoR1. For in vitro
translation in Arabidopsis cell free extracts, the UTR::GFP
fragments obtained by digesting with BamH1/Xhol were
ligated to pCS2+ digested with BamHI/Xhol. The yeast
phosphoribosylanthranilate isomerase (TRP1) coding
region was obtained by PCR with primers P10 and P11
using pAS2-1 (Clontech) as template. The coding region
of neomycin phosphotransferase I (NPTII) was prepared
by PCR using primers P12 and P13 and the 5-
UTR::NPTII fragment was ligated to a pUC vector at
the downstream region of the CaMV 35S promoter. All
the constructs as well as the PCR products were confirmed
by nucleotide sequencing.

Transient expression and immunoblot analysis

Plasmids were introduced into protoplasts by polyethylene
glycol-mediated transformation (26,27). Transformed
protoplasts were harvested 24h after transformation
and re-suspended in denaturation buffer (2.5% sodium
dodecyl sulphate (SDS), 2% B-mercaptoethanol) and 5x
sample buffer (250 mM Tris—Cl, pH 6.8., 0.5 dithiothreitol
(DTT), 10% SDS, 0.05% bromophenol blue, 50%
glycerol). After boiling for 7min, the lysates were
centrifuged at 10000g for Smin to remove cellular debris.
The expression level of proteins was analysed by immuno-
blotting using anti-GFP (Clontech), anti-GUS (Molecular
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Probes), anti-hemagglutinin (HA) (Roche Diagnostics),
anti-hygromycin phosphotransferase (HPT) (Bio-applica-
tion) or anti-NPTII (Bio-application) antibodies. The GUS
construct co-transformed into protoplasts together with
the UTR::GFP constructs was used as a control for trans-
formation efficiency in Arabidopsis protoplasts. The HPT
level was used as a control for the transient expression
of the UTR::GFP constructs in Nicotiana benthamiana.
Protein blots were developed with an ECL kit (Amersham
Pharmacia Biotech), and images were obtained using the
LAS3000 image capture system (FUJIFILM).

qRT-PCR analysis of transcript levels

Total RNA was extracted from Arabidopsis leaf tissue
using the Qiagen RNeasy Plant Mini Kit and digested
with  TURBO DNase (Ambion). Total RNA was
reverse-transcribed into cDNA using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems).
Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed using the SYBR Green Kit
(Applied Biosystems) to detect the transcript level of
GFP. Actin-2 (ACT2) was used as an internal control
for qRT-PCR. Primers used for qRT-PCR were as
follows: GFP_q5 and GFP_q3 for GFP, ACT2 g5 and
ACT2_qg3 for ACT2 (At3g18780), GUS_qg5 and GUS_q3
for GUS (Supplementary Table S1).

Transient expression in leaves of Nicotiana benthamiana
by Agrobacterium-mediated transformation

Agrobacterium tumefaciens strain LBA4404 harbouring
pCAMBIA1300-UTR::GFP was grown overnight at
28°C until OD 1.0 at 600nm in 10ml LB broth supple-
mented with 50 pg/ml kanamycin. After pelleting by centri-
fugation (4000xg for Smin at room temperature),
Agrobacterium culture was re-suspended in Sml of infiltra-
tion buffer (10 mM MgCl,, 10 mM 2-(N-morpholino)etha-
nesulfonic acid (MES), pH 5.6, 100 uM acetosyringone)
and mixed in a 1:1 ratio with a bacterial suspension
carrying the coat protein of turnip crinkle virus (TCV-
CP) viral silencing suppressor in the binary vector (28).
The final mixture of Agrobacterium culture was infiltrated
into the bottom side of fully expanded leaves of 4 week-old
Nicotiana benthamiana plants. After infiltration, plants
were placed in a green house at 20-22°C under a 16-h/8-h
light/dark cycle and 70% relative humidity. At 4 days after
infiltration, leaves were harvested and ground in liquid
nitrogen. Tissue powder was re-suspended in protein ex-
tracting buffer (100 mM NaCl, 10 mM ethylenediaminete-
traacetic acid, 200mM Tris, 0.1% SDS, 200 mM sucrose,
14mM B-mercaptoethanol, 0.05% Tween 20) and boiled
for 7min for immunoblot analysis.

In vitro transcription and translation using Arabidopsis
cell extract and wheat germ extracts

The pCS2+ plasmid containing 5'-UTR::GFPs was
linearized with Apall. Linearized DNA was used in the
SP6 mMESSAGE mMACHINE® Kits (Ambion) to syn-
thesize capped RNAs. Fifty femtomoles of RNA were
used for in vitro translation using wheat germ extracts
(Promega) and Arabidopsis cell extract (ACE) (29).
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RESULTS

The immediate 5'-UTRs of Arabidopsis genes show a wide
range of variation in translational efficiency

To gain an insight into the effect of the sequence context
of the immediate upstream region from the AUG initi-
ation codon on translational efficiency, we initially
examined the effect of the 5-UTR length on translational
efficiency using the 5-UTR of ribulose-1,5-bisphosphate
carboxylase/oxygenase small subunit 1A (RbcSIA,
Atlg67090) as a model sequence. The 5-UTR of a gene
varies greatly in length (30,31). In Arabidopsis, the average
length of 5-UTRs was 131 bases (32). The 5-UTR of
RbeS1A is 175 nucleotides. We generated serial deletion
constructs with 10, 21, 46 and 94 nts from the AUG start
codon. Each of these deletion constructs was placed
between the CaMV 35S promoter and the AUG start
codon of GFP (Figure 1A). These constructs were
co-transformed into protoplasts together with a GUS
(B-glucuronidase) construct used to normalize transform-
ation efficiency, and the expression levels of GFP and
GUS were determined by western blot analysis using
anti-GFP and anti-GUS antibodies, respectively. The 10,
21 and 46 nt-long 5-UTRs of RbcSAI gave similar protein
levels, indicating that the 1046 nt region of the RbcS1A4
5-UTR from the —1 position shows similar translational
efficiency. In contrast, the translational efficiency of full-
or half-length RbcSAI 5'-UTR constructs was significantly
lower than that of 10, 21 or 46 nt constructs (Figure 1B),
indicating that the upstream half of RbcSAI 5-UTR
(=175 to —94) contains a sequence element that inhibits
translation. The transcript levels of these constructs were
nearly equal when examined by qRT-PCR (Figure 1C),
confirming that the difference in the protein level reflects
the translational efficiency of these constructs. Since the
upstream AUG in the 5-UTR often suppresses the trans-
lation (33), one possible explanation of the lower transla-
tional efficiency observed with the full- and half-length
5'-UTRs of RbcSIA is that the multiple upstream AUGs
located in the 5-UTR may negatively affect the transla-
tion of GFP.

Based on the results of RbcS1A4 5'-UTR deletion con-
structs, we decided to use the 21nt region from the
position —1 of the 5-UTR to examine the effect of the
5’-UTR sequence context on the translational efficiency.
To include diverse 5-UTR sequences in the analysis, the
entire Arabidopsis genes were parsed against the nucleo-
tide sequence of the RbheS1A4 5-UTR from positions —1 to
—21 as a reference sequence. The sequence diversity was
expressed with a similarity score by comparing the nucleo-
tide sequence of a given 5-UTR to that of RbcSIA. The
5-UTRs that contained less than 21nts were excluded
from the analysis. Of the Arabidopsis genes, 75% of
them (17202 out of 22998) contained more than 21 nts
in the 5-UTR. We selected 25 5-UTRs (Table 1) with
the similarity score ranging from 10 to 57%. These
5’-UTRs were placed at the upstream region of the GFP
coding region (Figure 2A). Therefore, these constructs
were identical to each other except the 2I-nucleotide
region immediately upstream from the AUG start
codon. To determine the translational efficiency of
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Figure 1. The effect of the RbeSIA 5'-UTR length on the translational
efficiency. (A) Scheme of serial deletion constructs of the RbcSIA
5-UTR. Black blocks in the serial deletion mutants represent
RbeS1A 5-UTRs. The length of 5-UTRs is indicated at the end of
each block (175 to 10nt). The upstream ATG is shown in white. The
deletion mutants of the RbhcSIA 5'-UTR were placed in front of the
GFP AUG codon. NOS, nos-terminator; nt, nucleotide. (B) The trans-
lational efficiency of various RbcSIA 5-UTR::GFP constructs. The
full-length or deletion mutants of the RbcSIA 5-UTR fused to GFP
were co-transformed into protoplasts together with a reference con-
struct GUS, and GFP and GUS levels were determined by western
blot analysis using anti-GFP and anti-GUS antibodies, respectively.
The GUS levels were used to normalize the transformation efficiency.
The number indicates the length of the RhcS1A4 5-UTR. (C) qRT-PCR
analysis of GFP transcript levels. Total RNA from the transformed
protoplasts was subjected to qRT-PCR for GFP and GUS transcripts.
The GFP transcript levels were normalized using the co-expressed GUS
transcript levels. 4CT2 was used as an internal control for qRT-PCR.
Error bar, standard deviation (n = 3).

individual 5-UTRs, these constructs were co-transformed
into protoplasts together with a reference construct, GUS,
which was used to normalize the transformation effi-
ciency, and the GFP and GUS levels were determined
by western blot analysis using anti-GFP and anti-GUS
antibodies, respectively (Figure 2B). The translational ef-
ficiency of these GFP constructs that had been normalized
against the level of GUS ranged from 1 to 208% that of
RbcS1A4::GFP, indicating a wide range of variation in the
translational efficiency among the 5-UTRs (Figure 2C).
To confirm that the difference in the translational effi-
ciency of these constructs is not caused by the difference
in the transcript levels, total RNA from the transformed
protoplasts was used for qRT-PCR using specific primers
for the GFP coding region. Although the 5-UTRs of
AT1G58420 and AT5G40850 induced dramatic differ-
ences in the GFP level, these constructs showed no

significant differences in the transcript level, confirming
that the difference in the GFP level stems from the differ-
ence in the translational efficiency (Figure 2D). These
results strongly suggest that the nucleotide sequence
immediately upstream of the AUG start codon greatly
affects translational efficiency.

Next, we examined whether the secondary structure of
the mRNA including the 5-UTR and the coding region
has any correlation with the translational efficiency. In
previous studies, the secondary structure in the 5-UTR
as well as the 5’ side of the coding region affects the trans-
lational efficiency (34). We wused the algorithm
centroidfold (http://www.ncrna.org/centroidfold/) which
highlights the best performance among similar methods
(35,36). We analysed the secondary structure of the
5-UTRs of GFP mRNA consisting of 165nts of the
5'-UTR from the expression vector, 21 nts of the 5-UTR
from various Arabidopsis genes with or without the 100 nt
GFP-coding region (Figure 3 and Supplementary Figure
S1). Inclusion of the 100nt GFP coding region did not
cause any significant additional secondary structure
(Figure 3B). Of the 25 5-UTRs, 16 of them showed a
nearly identical secondary structure. In this group of the
5-UTRs, the major secondary structure was the 11bp
long hairpin structure (4G = —15.90 Kcal/mol) starting
from the fourth nucleotide position from the cap
(Figure 3A). Thus, this upstream hairpin structure was
generated solely by the 5-UTR from the vector sequence
and the 21 nt 5-UTRs from the Arabidopsis genes did not
show any secondary structure. In contrast, in the other
nine constructs, a proportion of the 2I1-nucleotide
5’-UTR region from the Arabidopsis genes was part of
the hairpin structure. However, except for AT3G12380
S-UTR, eight 5-UTRs (AT1G10660, AT2G36170,
AT4G11320, AT4G14340, AT5G44520, AT5G45900,
AT5G47110 and AT1G20160) showed a rather low prob-
ability of forming a hairpin structure or had a small
hairpin structure (Supplementary Figure S1). To test
whether these additional hairpins have any inhibitory
effect on the translational efficiency, we calculated the
stabilizing energy resulting from the hairpin formation
and found that AG ranged from —11.59 to —24.40kcal/
mol. Thus, the 5-UTRs of AT2G36170, AT4G11320,
AT4G14340, AT5G44520, AT5G45900, AT5G47110 and
AT1G20160 showed a slightly more stable secondary
structure than the first group of the 5-UTRs with one
hairpin structure originating from the vector sequence.
However, the difference in AG was less than 5 kcal/mol.
Moreover, the AG of the ATIGI10660 5-UTR was
—11.59 kcal/mol. Thus, this 5-UTR was even less stable
than the first group of sixteen 5-UTRs. In the case of the
AT3G12380 5-UTR (4G = —24.40 kcal/mol), this was
more stable than the first group of the 5-UTRs
(4G = —15.90 kcal/mol). However, this difference in 4G
among the 5-UTRs may not be significant. The hairpin
structure with 4G = —24.4kcal/mol can be easily dis-
rupted by ribosomes during translation and thus may
not inhibit translation (37,38). Moreover, these 5-UTRs
did not show any correlation between the secondary struc-
ture formation and translation efficiency. The transla-
tional efficiency of the AT3G12380 5-UTR that had the


'
'
'
'
'
'
http://www.ncrna.org/centroidfold/
z
'
'
'
nucleotide 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt864/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt864/-/DC1
nucleotide 
'
sixteen
'
base-pair 
-
4
'
nucleotide 
'
'
'
'
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt864/-/DC1
-
-
'
'
'
-
'
'
'
-
'
-
'
-
'
'

Nucleic Acids Research, 2014, Vol. 42, No. 1 489

Table 1. Nucleotide sequence of 5-UTRs from various Arabidopsis genes used in this study

Locus GFP (%) Sequence (—21 to —1)

Similarity (%)

Function

AT1G67090 100
AT1G35720 192
AT5G45900 104
AT5G61250 85
AT5G46430 30
AT5G47110 1
AT1G03110 90
AT3G12380 74
AT5G45910 43
AT1G58420 208
AT5G44520 131
AT1G07260 65
AT3G55500 34
AT3G46230 2
AT2G36170 88
AT1G10660 33
AT4G14340 25
ATI1G49310 13
AT4G14360 55
ATI1G28520 30
AT1G20160 2
AT5G37370 103
ATA4G11320 1
AT5G40850 10
AT1G06150 9
AT2G26080 19

CACAAAGAGTAAAGAAGAACA 100
AACACTAAAAGTAGAAGAAAA 57
CTCAGAAAGATAAGATCAGCC 57
AACCAATCGAAAGAAACCAAA 52
CTCTAATCACCAGGAGTAAAA 48
GAGAGAGATCTTAACAAAAAA 48
TGTGTAACAACAACAACAACA 43
CCGCAGTAGGAAGAGAAAGCC 43
AAAAAAAAAAGAAATCATAAA 43
ATTATTACATCAAAACAAAAA 38
CGTTCTTCCCACACAAAAAAA 38
GAGAGAAGAAAGAAGAAGACG 38
CAATTAAAAATACTTACCAAA 38
GCAAACAGAGTAAGCGAAACG 38
GCGAAGAAGACGAACGCAAAG 33
TTAGGACTGTATTGACTGGCC 33
ATCATCGGAATTCGGAAAAAG 33
AAAACAAAAGTTAAAGCAGAC 33
TTTATCTCAAATAAGAAGGCA 29
GGTGGGGAGGTGAGATTTCTT 29
TGATTAGGAAACTACAAAGCC 29
CATTTTTCAATTTCATAAAAC 24
TTACTTTTAAGCCCAACAAAA 24
GGCGTGTGTGTGTGTTGTTGA 19
GTGGTGAAGGGGAAGGTTTAG 14
TTGTTTTTTTTTGGTTTGGTT 10

Ribulose bisphosphate carboxylase small chain 1A 175

Annexin 107
Ubiquitin-like modifier-activating enzyme atg7 82
Heparanase-like protein 2 81
60S ribosomal protein L32-2 45
Chlorophyll A-B binding family protein 79
Transducin/WD-40 repeat-containing protein 113
Actin-related protein 5 522
GDSL esterase/lipase 37
Uncharacterized conserved protein UCP031279 28
NagB/RpiA/CoA transferase-like superfamily protein 86
UDP-glycosyltransferase 141
Expansin-A16 80
17.4kDa class I heat shock protein 108
Ubiquitin-60S ribosomal protein L40-1 59
Putative uncharacterized protein 257
Casein kinase 1-like protein 11 330
Putative uncharacterized protein 42
Probable methyltransferase PMT3 382
Transcription factor VOZI 157
Subtilisin-like serine endopeptidase-like protein 37
Pre-mRNA-splicing factor 38B 148
Probable cysteine proteinase 82
Urophorphyrin III methylase 304
Transcription factor EMB1444 503
Glycine dehydrogenase 42

Nucleotide sequences were obtained from 5-UTRs (nucleotide positions —1 to —21) of 25 different genes. The translational efficiency of these
5'-UTRs was determined using GFP levels (GFP) (Figure 2B) and their relative expression levels were presented with the function (Function) of the
encoded proteins and putative full length (Length) of their 5-UTRs. The sequence similarity score is the percentage of how many nucleotides out of
the 21 nt-long 5-UTR are identical to that of the AT1G67090 (RbcS1A4) 5'-UTR.

strongest secondary structure was 74% that of the
RbeS1A 5-UTR, whereas the translational efficiency of
the AT1G10660 5-UTR that had the weakest secondary
structure was 33% that of the RbhcSIA 5-UTR. These
results raised the possibility that the difference in the
translational efficiency results from the nucleotide
sequence difference in the 5-UTRs. However, we cannot
completely rule out the possibility that the hairpin struc-
ture may have an inhibitory effect on the translation.

Adenine residues in positions —1 to —5 from the AUG
start codon are the most critical for translational
efficiency

The 5-UTRs that had a higher translational efficiency
showed higher sequence similarities to the RbcSIA
5-UTR. The majority of the 5-UTRs have a purine
base in the —3 position as predicted by the Kozak rule
(18). However, as shown in the AT4G11320 5-UTR, the
presence of a purine base in the —3 position was not suf-
ficient to give a high translational efficiency, raising the
possibility that the plant sequence may not follow the
Kozak rule. In addition, the 5-UTRs that had high trans-
lational efficiency appeared to be rich in A nucleotide but
devoid of C nucleotide. In particular, the AT1G35720
5-UTR, one of the best 5-UTR among the 25 5'-UTRs
we analysed contained 14 As, 2 Cs, 3 Gs and 2 Ts,
indicating a strong bias towards the A nucleotide
(Table 1). In contrast, the AT4G40850 5-UTR, one of
the poorest 5-UTRs, had a completely different

nucleotide composition with 1 C, 10 Gs and 10 Ts, but
devoid of the A nucleotide (Table 1), indicating that the
A residue is crucial for higher translational efficiency.
Interestingly, the omega leader sequence contains a
region of poly(CAA), thereby having a higher content of
the A residue (39).

To examine the sequence context which underlies the
high translational efficiency, we selected the AT1G35720
5-UTR whose translational efficiency was 192% that of
RbcS1A4 5-UTR. A previous study showed that substitu-
tion of three nucleotides in front of the AUG start codon
(positions —3 to —1) affects the translation efficiency of a
reporter gene (22). To elucidate the effect of individual
nucleotides in the 21 nt 5-UTR on translational efficiency,
we generated serial nucleotide substitution mutants of the
AT1G35720 5-UTR by replacing three nucleotides simul-
taneously with triple A, C, G or T, starting from the 5'-end
to the 3’-end of the 21 nt 5-UTR (Figures 4-7). First, we
examined the translational efficiency of triple A substitu-
tion mutants in protoplasts. The majority of them had a
slightly higher translation efficiency compared to the wild-
type 5-UTR (Figure 4). In these mutants, when T or G
nucleotides were substituted with A nucleotides the trans-
lational efficiency was increased, indicating that the A
nucleotide in the 5-UTR was favourable for the transla-
tional efficiency. Next, we examined the triple G substitu-
tion mutants for translational efficiency. Except for G14
that had a guanine substitution at the positions —4 to —6,
all the triple G substitution mutants showed a 5-40%
reduction in translational efficiency compared to the
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wild-type AT1G35720 5-UTR. These results suggest that
the G residue in the 21 nt 5-UTR is not a favourable
nucleotide for the translation (Figure 5). In the triple C
substitution mutants, they were divided into two groups;
one group of mutants including C1, C3, C5-C11 and Cl14-
C16 did not show any significant change in translational
efficiency and the other group of mutants containing C2,
C4, C12, C13, C17-C19 had a 40-50% reduction in trans-
lational efficiency compared to the wild-type 5-UTR.
These results indicate that C residues in the 5-UTR
have a strong position-dependent effect on translational
efficiency (Figure 6). In the case of triple T substitution
mutants, they also showed a wide range of variation in
translational efficiency from 32 to 158% depending on
individual mutant constructs. For example, T16, T17
and T18 that had the triple T substitution at the 3'-end
of the 5-UTR showed an almost 70% decrease in the
translational efficiency from the wild-type 5-UTR. In
contrast, mutants T7, T8 and T9 that had the triple T
substitution in the middle of the 5-UTR had only a
minor reduction in translational efficiency. Moreover, a
triple T substitution in the positions from —15 to —20

and from —5 to —10 of the 5-UTR increased the transla-
tional efficiency to 158% of the wild-type 5-UTR,
indicating that the T nucleotide in the 5-UTR affects
the translation either favourably or unfavourably depend-
ing on the position in the 5-UTR (Figure 7). These results
strongly suggest that the sequence context immediately
upstream of the AUG start codon is crucial in determining
translational efficiency. Among four nucleotides, the A
residue is the most favourable for translation, whereas
the T residue is the least favourable.

To further investigate how the sequence context influ-
ences the translational efficiency, we asked whether a
‘poor’ 5-UTR can be converted into a ‘good’ 5-UTR by
changing its nucleotide sequence. To this end, we chose the
AT4G40850 5-UTR whose translational efficiency was
only 10% of the RbcSI1A 5-UTR. Because the A residue
is favourable for the translational efficiency, we generated
serial triple A substitution mutants (Figure 8). These triple
A mutants were fused to the GFP-coding region and the
resulting constructs were co-transformed into protoplasts
together with the reference construct GUS. The GFP and
GUS levels were examined by western blot analysis using
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Figure 2. The 21 nt region immediately upstream from the AUG start codon of various Arabidopsis genes shows a wide variation in translational
efficiency. (A) Schematic presentation of fusion constructs. 5-UTR, the 5'-untranslated region (165nts) from the expression vector; 21 nt, 21 nt-long
5'-UTRs from various Arabidopsis genes; GFP-coding region; 3’-UTR, 3’-untranslated region from the expression vector. (B) Translation efficiency
of the 5-UTRs of various Arabidopsis genes. Reporter constructs were introduced into protoplasts together with a reference construct GUS and total
protein extracts were subjected to western blot analysis using anti-GFP and anti-GUS antibodies. The 5-UTR of RbcsIA was used as a reference for
the expression. (C) Quantification of translational efficiency. To quantify the translational efficiency, the signal intensity of immunoblots in (B) was
quantified using the multi-gauge software equipped to the LAS3000 (FUJIFILM) and the GFP levels were normalized with the GUS level.
(D) Quantification of transcriptional efficiency. To quantify the transcriptional efficiency, total RNA from the protoplasts transformed with two
representative 5-UTR constructs (asterisk in (C)) was used for qRT-PCR using specific primers for the GFP-coding region. The GUS transcript level

was used as reference.
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anti-GFP and anti-GUS antibodies, respectively, and the
translational efficiency was determined by normalizing the
GFP levels with the GUS levels. The triple A mutants
of the AT4G40850 5-UTR that had triple A substitutions
in the region from positions —21 to —6 had only minor
changes in the translational efficiency. Surprisingly
however, when the nucleotide sequence GTTGA from the
positions —5 to —1 was changed to AAAGA (pAl17), GAA
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Figure 3. The secondary structural analysis of the AT1G58420 and
AT5G40850 5-UTRs as representatives of ‘good” and ‘poor’ 5-UTRs,
respectively. (A and B) The entire 5-UTR consisting of the 165nt-long
5-UTR from the expression vector and the 21 nt region of the 5-UTR
from AT1G58420 or ATS5G40850 (A), or together with 100nt GFP-
coding region (B) was analysed for the possible secondary structure
using centroidfold (http://www.ncrna.org/centroidfold/). Heat colour
gradation from blue to red represents the base-pairing probability
from 0 to 1. The base-pairing probability is the probability that a
pair of bases forms a base pair via hydrogen bonds in the secondary
structure. The 21 nt 5-UTRs from AT1G58420 and AT5G40850 are in
capital letters and also indicated by broken lines.

A AT1G35720 B
WT  AACACTAAAAGTAGAAGAAAAATG
Al AAAACTAAAAGTAGAAGAAAAATG
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AA (pA18) or GTAAA (pA19), the GFP levels were greatly
elevated to the levels which were similar to that of the
‘good” 5-UTR, ATIG35720 5-UTR (Figure 8). These
findings support the idea that the A nucleotides in the im-
mediate upstream region (—5 to —1) from the AUG start
codon are crucial for high translational efficiency. To
further confirm this finding, we examined the secondary
structure of the triple A substitution mutants using the
algorithm centroidfold (35). These mutants did not show
any difference in the secondary structure from the wild-type
5-UTR (Supplementary Figure S2), indicating that the
difference in the translational efficiency resulted from the
sequence change in the mutant 5-UTRs. Consistent with
this finding, only the A nucleotide showed a slightly higher
presentation in the 5-UTR from positions —1 to —4 with
the highest chance at the —3 position when 17202 5-UTRs
of Arabidopsis genes were analysed using weblogo (http://
weblogo.berkeley.edu/) (Supplementary Figure S3) (40).

The effect of the sequence context in the immediate
5’-UTR on the translational efficiency is conserved in
plants and is also independent of the coding region

Next, to test whether the effect of the 5-UTR sequence
context on the translational efficiency observed in
Arabidopsis protoplasts also applies to other plant
species, we compared the translational efficiency of the
AT1G58420 and AT4G40850 5-UTRs in two different
plants: Arabidopsis and tobacco. In Arabidopsis, the trans-
lational efficiency was determined in protoplasts, whereas
the translational efficiency in tobacco leaf cells was
determined by transient expression after Agrobacterium-
mediated infiltration. The translational efficiency was
determined by western blot analysis using anti-GFP
antibody. To normalize the transformation efficiency,
Arabidopsis and tobacco extracts were also subjected to
western blot analysis using anti-GUS and anti-HPT
antibodies, respectively. In Arabidopsis protoplasts, the

WT Al A2 A3 A4 A5 A6 A7 A8 A9
GUS [ oo s b s S0 s oo = ==| 68 kD

A2 AAAAATAAAAGTAGAAGAAAAATG
A3 AACAAAAAAAGTAGAAGAAAAATG

A4 AACACAAAAAGTAGAAGAAAAATG C  200% -
A5 AACACTAAAAATAGAAGAAAAATG 9
A6 AACACTAAAAAAAGAAGAAAAATG E
A7  AACACTAAAAGAAAAAGAAAAATG é 16005 o
A8  AACACTAAAAGTAAAAGAAAAATG =
A9  AACACTAAAAGTAGAAAAAAAATG %

-4

0% -

GFP l‘”--”-—q 28 kD

Al A2 A3 A4 A5 A6 A7 A8 A9

Figure 4. The A nucleotides introduced in the AT1G35720 5-UTR are generally favourable for translational efficiency. (A) Sequences of triple A
substitution mutants. Three nucleotides were sequentially substituted with three As in the 21 nt region of the AT1G35720 5-UTR. (B) The effect of
triple A substitutions on the translational efficiency. The mutant constructs of the AT1G35720 5-UTR were co-transformed into protoplasts together
with a GUS construct and protein extracts were subjected to western blot analysis using anti-GFP and anti-GUS antibodies. (C) Quantification of the
translational efficiency. To quantify the translational efficiency, the signal intensity of immunoblots in (B) was quantified using the multi-gauge
software equipped to the LAS3000 (FUJIFILM) and the GFP levels were normalized with the GUS levels. Error bar, standard deviation (n = 3).
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Figure 5. Triple G substitutions in the AT1G35720 5-UTR largely cause a decrease in the translation efficiency. (A) Sequences of triple G substi-
tution mutants. Three nucleotides were sequentially substituted with three Gs in the 21 nt region of the AT1G35720 5-UTR. (B) The effect of triple
G substitutions on the translational efficiency. The mutant constructs of the ATIG35720 5-UTR were co-transformed into protoplasts together with
a GUS construct and protein extracts were subjected to western blot analysis using anti-GFP and anti-GUS antibodies. (C) Quantification of the
translational efficiency. To quantify the translational efficiency, the signal intensity of the immunoblots shown in (B) was quantified using the multi-
gauge software equipped to the LAS3000 (FUJIFILM) and the GFP levels were normalized with the GUS levels. Error bar, standard deviation

(n=3).
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Figure 6. Triple C substitutions in the AT1G35720 5-UTR cause suppression of the translational efficiency in a position-dependent manner.
(A) Sequences of triple C substitution mutants. Three nucleotides were sequentially substituted with three Cs in the 21nt region of the
AT1G35720 5-UTR. (B) The effect of triple C substitutions on the translational efficiency. The mutant constructs of the AT1G35720 5-UTR
were co-transformed into protoplasts together with a GUS construct and protein extracts were subjected to western blot analysis using anti-GFP and
anti-GUS antibodies. (C) Quantification of the translational efficiency. To quantify the translational efficiency, the signal intensity of immunoblots in
(B) was quantified using the multi-gauge software equipped to the LAS3000 and the GFP levels were normalized with the GUS levels. Error bar,
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Figure 7. Triple T substitutions in the AT1G35720 5-UTR cause a strong suppression or activation of the translational efficiency in a position-
dependent manner. (A) Sequences of triple T substitution mutants. Three nucleotides were sequentially substituted with three Ts in the 21 nt region of
the AT1G35720 5-UTR. (B) The effect of triple T substitutions on the translational efficiency. The mutant constructs of the AT1G35720 5-UTR
were co-transformed into protoplasts together with a GUS construct and protein extracts were subjected to western blot analysis using anti-GFP and
anti-GUS antibodies. (C) Quantification of the translational efficiency. To quantify the translational efficiency, the signal intensity of the
immunoblots in (B) was quantified using the multi-gauge software equipped to the LAS3000 and the GFP levels were normalized with the GUS
levels. Error bar, standard deviation (n = 3).
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Figure 8. Triple A substitutions in the region from positions —1 to —5 of the AT1G04850 5-UTR cause a strong enhancement of translational
efficiency. (A) Sequences of triple A substitutions in the 21 nt region of the AT1G04850 5-UTR. Three nucleotides were sequentially substituted with
three As and the resulting constructs were fused to GFP. (B) Translational efficiency of triple A substitution mutants. The wild-type AT1G04850
5’-UTR and its triple A substitution mutant constructs were introduced into protoplasts together with a GUS construct and expression levels of GFP
and GUS were examined by western blot analysis using anti-GFP and anti-GUS antibodies, respectively. (C) Quantification of the GFP expression
levels. The GFP levels were normalized using the GUS levels. Error bar, standard deviation (n = 3). The GFP level of the AT1G35720 5-UTR
construct was used as a control to compare elevated translational efficiency of pA17-pAl19.
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Figure 9. The effect of the 5-UTRs on the translational efficiency is
conserved in different plant species. (A) GFP levels in Arabidopsis
protoplasts. Reporter constructs of the AT1G58420 or AT1G04850
5-UTRs were co-transformed into Arabidopsis protoplasts together
with a GUS construct and the expression levels of GFP and GUS
were determined by western blot analysis using anti-GFP and anti-
GUS antibodies, respectively. (B) Quantification of translational effi-
ciency. To quantify the translational efficiency, the signal intensity of
the immunoblots in (A) was quantified using the multi-gauge software
equipped to the LAS3000 and the GFP levels were normalized using
the GUS levels. Error bar, standard deviation (n = 3). (C) GFP levels
in tobacco leaf tissues. The GFP constructs with the 21 nt region of
AT1G58420 or AT1G04850 5-UTRs in a binary vector were trans-
formed into Nicotiana benthamiana leaf tissues by Agrobacterium-
mediated infiltration. The expression levels of GFP and HPT were
determined by western blot analysis using anti-GFP and anti-HPT
antibodies, respectively. HPT was used to normalize the transformation
efficiency. (D) Quantification of translational efficiency. To quantify the
translational efficiency, the signal intensity of the immunoblot in (C)
was quantified using the multi-gauge software equipped to the
LAS3000 and the GFP levels were normalized using the HPT levels.
Error bar, standard deviation (n = 3).

translational efficiency of the AT1G58420 5-UTR was
8-fold higher than that of the AT4G40850 5-UTR
(Figure 9A). In tobacco leaf tissues, the translational effi-
ciency of the AT1G58420 5'-UTR was 12-fold higher than
that of the AT4G40850 5'-UTR, indicating that the effect
of sequence context on the translational efficiency is
conserved between two different plant species (Figure 9C).

Next, we examined whether the effect of the sequence
context on the translational efficiency is also operational
in different translational systems. In the soybean cytosolic
glutamine synthetase gene, the translational enhancing
activity of the 5-UTR is not maintained in in vitro trans-
lational systems (12). In addition, relative translational
efficiency with a single mutation in only the —3 position
of 5-UTRs was also not consistent in two well-known
in vitro systems: reticulocyte lysates and wheat germ
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Figure 10. The effect of the 5-UTRs on the translational efficiency is
independent of the translational system. (A) Western blot analysis of
GFP levels. The AT1G58420 5-UTR or ATI1G04850 5-UTR con-
structs were in vitro transcribed and 17 ng (50 fmol) of their transcripts
were used for in vitro translation using ACE or wheat germ extracts.
The expression levels of GFP were determined by western blot analysis
using anti-GFP antibody. (B) Quantification of GFP levels. To
quantify the translational efficiency, the signal intensity of the
immunoblots in (A) was quantified using the multi-gauge software
equipped to the LAS3000. Error bar, standard deviation (n = 3).

extracts (41). We used ACEs (29) and wheat germ
extracts for in vitro translation. Two constructs,
ATI1G58420 5'-UTR::GFP and AT4G40850 5'-UTR::GFP,
were transcribed in vitro and their transcripts were used for
translation in vitro. In ACEs and wheat germ extracts, the
translational efficiency of the AT1G58420 5'-UTR was 7.5-
and 3.5-fold higher than that of the AT4G40850 5'-UTR,
respectively (Figure 10A), indicating that the effect of the
sequence context in the 5-UTR on translational efficiency
was maintained in the in vitro systems and also in both
dicot and monocot plants.

Another important issue in the effect of the 5-UTR on
the translational efficiency is whether the 5-UTR has
any dependency on the downstream coding region. To
test this, we selected the AT1G58420 and AT4G40850
5’-UTRs as representatives of ‘good’ and ‘poor’ 5-UTRs
and fused them to two other coding regions, neomycin
phosphotransferase Il (NPTII) and yeast HA-tagged
TRPI (TRPI:HA). The resulting constructs were
introduced into protoplasts and their expression levels
were determined by western blot analysis using anti-
NPTII and anti-HA antibodies. Again, both NPTII and
TRPI1:HA levels from the AT1G58420 5-UTR were 10.2-
and 4.7-fold higher than those from the AT4G40850
5-UTR, respectively, confirming that the effect of the
sequence context of the 5-UTR on the translational effi-

ciency is independent of the downstream coding region
(Figure 11A).

DISCUSSION

In this study, we systematically examined the effect of the
nucleotide sequence context of the 5-UTRs from
Arabidopsis genes at the single nucleotide level and
provide evidence that the nucleotides in positions —1 to
—21 have a pronounced effect on the translational effi-
ciency. This conclusion is based on the analysis of 25
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Figure 11. The effect of the 5-UTRs on the translational efficiency is
independent of the downstream coding region. (A) Western blot
analysis of expressed proteins. The indicated 5-UTR constructs were
co-transformed into protoplasts together with a GUS construct and the
expression of NPTII and TRPI:HA was determined by western blot
analysis using anti-NTPII and anti-HA antibodies, respectively. In
addition, GUS levels were detected with anti-GUS antibody.
(B) Quantification of the translational efficiency. To quantify the trans-
lational efficiency, the signal intensity of the immunoblots in (A) was
quantified using the multi-gauge software equipped to the LAS3000
and the NPTII and TRPI:HA levels were normalized using the GUS
levels. Error bar, standard deviation (n = 3).

greatly diverse 5-UTRs of Arabidopsis genes on their
ability to produce GFP proteins in protoplasts from leaf
tissues of Arabidopsis. Of these 25 5'-UTRs, the difference
in the translational efficiency between the strongest
S-UTR and the weakest 5-UTR was over 200-fold. The
translational efficiency dictated by the sequence context of
the 5-UTR should be an intrinsic property of an mRNA.
Therefore, our finding that Arabidopsis genes show great
differences in translational efficiency raises many interest-
ing questions as to how the protein levels of genes are
determined in plant cells, why the 5-UTR of certain
mRNAs has the sequence context that is highly recalci-
trant in translation, and whether transcriptional levels of
genes have any correlation with their translational effi-
ciency. Currently these questions remain unanswered.

Our finding that the nucleotide sequence of the 5-UTR,
in particular, the immediate upstream region from the
nucleotide positions —1 to —35, is critical in translational
efficiency is in a good agreement with the results from
many previous studies that determined the effect of the
sequence context of the 5-UTR from nucleotide positions
—1 to —4 and also at the nucleotide position +4 on the
translational efficiency (20-23,39,41-43). However, in this
study, we examined the effect of the sequence context in a
much longer region (the 21 nt region from the positions
—1 to —21) of the 25 5-UTRs on the translational effi-
ciency. As observed previously, the immediate upstream
region from the nucleotide positions —1 to —4 was most
critical in determining the translational efficiency. In
addition, our study provided evidence that the region
further upstream of the nucleotide position —4 can also
significantly affect the translational efficiency depending
on individual genes.

The 5-UTRs can exert an effect on translational effi-
ciency through multiple modes either positively or
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negatively by using specific sequence motifs, secondary
structure or sequence context around the translational
initiation site (5,44). Of these modes, the effect of the
sequence context around the 5-UTR has been extensively
studied in animal cells (43). Indeed, the Kozak’s rule
describes that A/G bases at the —3 position with sur-
rounding pyrimidine residues and G at the +4 position
are crucial for higher translational efficiency in animal
genes. However, in plant genes, the consensus sequence,
AAAA/CAAUGGC, of the translational initiation site
which was obtained by analyzing 3643 plant genes does
not conform to the Kozak sequence (19) although the
consensus sequence also contains the conserved A and
G residues at the —3 and +4 positions, respectively.
However, it has not been assessed systematically how
the consensus sequence is correlated with the level of
translation in plant cells. In fact, a 28 nt-long synthetic
5'-UTR that serendipitously showed a high level of trans-
lational efficiency does not conform to the Kozak
sequence, thus raising a question as to the importance of
the Kozak sequence in the translational efficiency in plant
systems (45). In fact, in plants, the A residue at positions
—1 to —4 is most favourable in the translational efficiency
(20,21,35,36,38—-41). In this aspect, our results are consist-
ent with these previous findings. Moreover, and further
supporting with this idea, is that introduction of three
As to a ‘poor’ 5-UTR in the positions —1 to —5 greatly
enhanced the translational efficiency.

Another important observation we made in this study is
that the types of nucleotide and their position in the
21 nt-long 5-UTR have different effects on the transla-
tional efficiency. Overall, the A residue was the most
favourable nucleotide not only at positions —1 to —4
but also throughout the entire 21 nt region of the
5-UTRs we examined. However, a previous study
showed that the introduction of a stretch of A nucleotides
in the 5-UTR of the yeast alcohol oxidase gene greatly
reduced the translational efficiency in a length-dependent
manner (46), suggesting that introduction of poly(A) to
the 5-UTR is not always favourable for translation. In
contrast, the T residue was the least favourable nucleotide
in the 5-UTRs. In particular, introduction of three Ts to a
good 5'-UTR in positions —1 to —5 greatly suppressed the
translational efficiency. However, in certain cases, the
T residue located in the more 5 side of the 21 nt-long
5-UTR increased the translational efficiency, suggesting
that the exact location of the T nucleotide is important for
the translational efficiency. In the case of the C nucleotide,
its effect on the translation was also position-dependent;
introduction of three C residues in the positions —1 to —5
of the 5-UTR greatly suppressed the translational effi-
ciency, whereas the 3 C residues in the middle of the
21 nt region of the 5-UTR did not affect or only slightly
increased the translational efficiency. Introduction of G
residues throughout the entire 21nt region of the
5-UTR generally suppressed the translational efficiency.
These results strongly suggest that although the transla-
tional efficiency is in general most critically dependent on
the immediate upstream region, for example the region
from the positions —1 to —4, of the 5-UTR from the
AUG start codon, the translational efficiency of a
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particular 5-UTR is determined by the sequence context
of the entire nucleotide sequence of the 5-UTR.
Currently, however, it is not clearly understood at the
molecular level how the different types of nucleotides
affect differently the translational efficiency.

One of the most crucial events for the translation is the
assembly of the initiation complex at the AUG start codon
of an mRNA (5). Thus, one possible explanation for the
differential effect of the nucleotide sequence context
around the initiation site on the translation efficiency is
that the assembly of the translation initiation complex is
affected by the nucleotide sequence around the AUG start
codon. One of most well-characterized sequence motifs in
the 5-UTR that affect the assembly of the initiation
complex is the Shine-Dalgarno (SD) box in the 5-UTR
of prokaryotic mRNAs. The sequence in the SD box is
involved in base-pairing with the 3’-end of 16S rRNA of
ribosomes, thereby facilitates the formation of the initi-
ation complex at the AUG start codon (47). However,
the mechanism of initiation complex assembly in eukary-
otic cells is different from that of prokaryotic cells.
Multiple initiation factors are involved in assembly of
the 40S ribosomal subunit in the AUG initiation codon.
Of these initiation factors, eIF1A is involved in the selec-
tion of the initiation codon (48). Thus, the sequence
context may play a role in the selection of the first AUG
by eIF1A. In addition, other factors may also be involved
in the 40S ribosomal subunit assembly. Interestingly, in
the case of the omega leader sequence found in TMV,
HSP101 is involved in the omega sequence-mediated
translational enhancing (49). HSP101 directly binds to
the poly(CAA) region of the omega leader sequence and
mediates recruitment of two eukaryotic translational ini-
tiation factors, elF4G and elF3 to promote translation
initiation (39). However, el[F4G binds the cap structure
at the 5-end of mRNA, thus playing a role in the initial
recognition of mRNAs. Another important sequence
element affecting the translational efficiency is the
oligopyrimidine track in the 5-end of the 5-UTR which
is present in many ribosomal protein genes. This
oligopyrimidine track causes suppression of translation
in both animal and plant cells (50). However, the
oligopyrimidine track was located close to the 5’ cap struc-
ture in the 5-UTR. Thus, the exact mechanism underlying
the inhibitory effect of T or C residues in the
oligopyrimidine track may not be the same as that of T
or C residues in the positions —1 to —5 in this study. The
sequence analysis of the 5-UTRs of 15971 Arabidopsis
genes revealed that two sequence motifs, TAGGGTTT
and AAAACCCT, are presented in many Arabidopsis
genes, raising the possibility that these sequence elements
may play a role in translational efficiency. Indeed, of the
two sequence elements, the sequence motif TAGGGTTT
has been shown to confer a higher translational efficiency
(51). However, it is not known how these two sequence
motifs confer their translational enhancing activity. One
possibility is that an unknown factor may recognize these
motifs. In contrast to these sequence motifs, the mechan-
ism of how the secondary structure in the 5-UTR affects
the translational efficiency is well understood. It impedes
the scanning process of the 40S subunit from the 5 cap

structure (52). Indeed, 5-UTRs were, on average, less
structured than the coding region in Arabidopsis and
yeast transcripts (10,53). However, in contrast to this
notion, Li et al. (53) recently reported results showing
that the overall secondary structure of transcripts facili-
tates translation. This conclusion was based on the fact
that the more structured transcripts were significantly
more ribosome-associated than the less structured tran-
scripts. These results raise the possibility that the second-
ary structure in the 5-UTRs and coding region regulates
the translation efficiency at multiple levels.

In summary, we have demonstrated here how in plants
the sequence context around the initiation codon affects
the translational efficiency. In particular, the presence
of multiple A nucleotides at —1 to —5 from the AUG
initiation codon is crucial for high translational efficiency.
However, it remains elusive how this occurs at the
molecular level. To elucidate the exact mechanism in
detail, it will be imperative to identify the factor(s)
involved in this process and to characterize them at the
molecular and biochemical levels.
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